A gene was found in Bacillus subtilis which encodes a protein highly homologous to the Escherichia coli rpsA gene product, the S1 ribosomal protein. The B. subtilis protein contains the domain responsible for binding to ribosomes and two S 1 motifs, instead of four as found in the E. coli protein.
INTRODUCTION
One of the most intriguing features of Bacilli sp. ribosomes is the apparent lack of a counterpart to the S1 ribosomal protein of Gram-negative bacteria (Higo et al., 1973 (Higo et al., , 1982 Isono & Isono, 1975; Schnier & Faist, 1985; Muralikrishna & Suryanarayana, 1985 ; Roberts & Rabinowitz, 1989 ; Farwell e t al., 1992). In Gram-negatives initiation of translation is facilitated by two components, one of which is a purine-rich sequence of mRNA, called the Shine-Dalgarno (SD) sequence, appropriately spaced from an initiation codon, and the second is the ribosomal protein S1, which has been shown to bind mRNA thus facilitating recognition of the initiation point (Roberts & Rabinowitz, 1989; Farwell et al., 1992) . The rpsA gene of Escbericbia culi encoding the S1 protein is an essential gene (On0 et al., 1979; Kitakawa & Isono, 1982) and it was shown by in vitru experiments that E. culi ribosomes need this protein for translating mRNA with a short SD sequence (Farwell etal., 1992) . The E. culi protein contains two functional domains (Suryanarayana & Subramanian, 1979 ; Giorginis & Subramanian, 1980) . The N-terminal domain is needed for ribosome binding, while the function of the second domain is RNA binding-unwinding (Giorginis & Subramanian, 1980) . The RN A-binding domain consists of four repeats of RNAbinding motifs (S1 motifs), found also in some other RN A-binding proteins : E. coli polynucleotide phosphorylase (PNP) and the PRP22 component of the yeast splicesome (Regnier e t al., 1987; Company e t al., 1991) . In the course of the B. stlbtilis genome sequencing project we determined the nucleotide sequence of a region that has similar organization to the region of the E. coli genome encoding the S1 ribosomal protein. This paper describes the genes found in this B. stlbtilis chromosome region and presents data on their expression.
Strains, culture conditions and chromosomal DNA preparations. Yeast cells containing artificial chromosomes were grown as described by Azevedo et al. (1993a) . The Grampositive bacteria used to prepare chromosomal DNA for hybridization were: B. subtilis 168 (obtained from D r C. Anagnostopoulos, Jouy-en-Josas, France), and B. amyloliquefaciens 10A1, B. lichenformis 5A2, B. megateritrm 7A1, B. stearothermopbilus 9A5 and B. sphaericus 13A2 [all obtained from the Bacillus Genetic Stock Center (BGSC), Ohio, USA]. All Bacillus strains, except B. stearothermophilus, were grown in Luria broth at 37 "C. B. stearothermopbilus was grown in BST medium at 55 "C, according to the instructions in the BGSC catalogue. The biomass of B. caldolyticus cells was purchased from the AllUnion Collection of Industrial Micro-organisms (VNIIgenetika, Moscow, Russia). The cells were lysed by 0.5 YO SDS and chromosomal DNA was prepared by several phenol and phenol/chloroform treatments. Chromosomal DNA of Staphylococcus aureus RN430 and Lactococcus lactis IL 1403 was obtained from Dr I. Biswas (Jouy-en-Josas, France) and that of Clostridium acetobut_ylicum NCIB8052 from Dr P. Duwat (Jouyen-Josas, France). Total DNA of E. coli TG1 prepared as above was also used. E. coli J JCl28 F' was used for M13 cloning and DNA preparation. E. coli MB3001, carrying a temperaturesensitive (ts) mutation in the rpsA gene (Kitakawa & Isono, 1982) was obtained from Dr K. Isono (Koba University, Japan). pSGMU2 plasmid (Errington, 1986) was obtained from Dr J. Errington (Oxford, UK). Phagemid Bluescript I1 SK + was purchased from Stratagene. Plasmid DNA isolation. Cells were grown in 4 ml of 2 x T Y medium (Sambrook et al., 1989) overnight. The cell pellet was resuspended in 100 pl of 50 mM glucose, 25 mM Tris/HCl, pH 8-0, 10 mM EDTA solution, then 100 p1 of 10 mg lysozyme ml-' were added. After 5 min 400 pl 1 % (w/v) SDS, 0.2 M NaOH were added and after cell lysis 300 p l 3 M sodium acetate, pH 5.0, was added. After 30 min in ice, tubes were centrifuged at 13000 r.p.m. for 1 h and 0.6 ml isopropanol was added to the supernatant. After subsequent centrifugation for 10 min, the pellet was dissolved in 100 pl water and 100 p1 9 M LiCl was added. After 1 h at -20 "C tubes were centrifuged at 13000 r.p.m. for 10 min. The pellet was discarded and 500 p1 absolute EtOH was added to the supernatant. The pellet was redissolved in 300 pl0-3 M Na acetate, pH 5.0, and precipitated again. After dissolving the pellet in 100 pl TE, the plasmid preparation was sufficiently pure for digestion with restriction enzymes and fluorescent sequencing. Sequencing and computing. PFGE-purified DNA of the artificial chromosome of clone number 15-6B of the B. subtilis encyclopaedia of YACs (Azevedo et al., 1993a) was used as material to clone into the M13mp19 vector. The cloning and subsequent sequencing were performed as described by Sorokin et al. (1993) . The XBAP and XNIP programs of R. Staden were used for gel assembling and consensus sequence analysis (Dear & Staden, 1991) . The CLUSTAL program was used for multiple alignment and neighbour-joining method calculations (Higgins & Sharp, 1988; Saitou & Nei, 1987) . Gene expression experiments. Northern blotting was performed as described by Azevedo e t al. (199310) . To reduce background due to ribosomal RNA, stringent washing conditions were used: three times for 20 min in 10 x SSC, 1 YO (w/v) SDS at 20 "C; two times for 20 min in 1 x SSC, 1 YO SDS at 37 "C; and once for 10 min in 0.1 x SSC, 1 YO SDS at 65 "C. The RNA preparations were described previously (Azevedo et al., 1993b) . Translational gene fusion of B. subtilis jofD with P-galactosidase was carried out with plasmid pDIA5303, a gift from Dr P. Glaser (Institute Pasteur). The pDIA5303 plasmid is PIS112 (Lewandoski & Smith, 1988 ) with a modified polylinker sequence upstream of the reporter gene. B. subtilis cells containing the fusion were grown in Luria broth (Sambrook e t al., 1989) , disrupted with toluene and P-galactosidase activity was determined according to Miller (1972) .
Gene inactivation experiments.
Starting material for inactivation ofjofD (the S1 homologue) was phage PGG6, which carries j o j D devoid of the N-terminal part and the non-coding downstream region (Fig. 1 ). This insert was amplified by PCR, using direct and reverse standard sequencing primers. The PCR product was cut by BamHI and PstI and introduced into the BamHI-PstI-cleaved plasmid pSGMU2. The resulting plasmid, pPGG6, was digested by JphI, which cleaves within the S1 gene, and treated with Bal31 exonuclease, thus giving a set of integrative plasmids, carrying the 5'-and 3'-terminal parts of the gene. Plasmid pSG35, carrying 216 bp of the coding region and 444 non-contigous bp of the non-coding sequence ( Fig. 1) was chosen for inactivation experiments. The plasmid was introduced into B. stlbtilis 168 by transformation. The integrants arising from a cross-over within the coding or non-coding region were detected by PCR, using appropriate primers. The j o j D gene was interrupted in the former, but not in the latter integrants. The jofC gene disruption was carried out with plasmid pAAG9, which contains an EcoRI-PstI fragment of phage AAG9 (Fig. 1) inserted into pSGMU2.
Southern hybridization. This was performed by using Hybond extra-C membranes (Amersham) according to the supplier's protocol in 6 x SSC, 25% (v/v) formamide and at 42 "C. The most stringent washing of filters was done at 0.1 x SSC at 42 "C for 30 min. The probes prepared by PCR from relevant M13 phages as described by Sorokin e t al. (1993) , were labelled with 32P according to the Random Primed DNA Labelling Kit protocol (Boehringer).
RESULTS
Primary structure of the Bacillus subtilis chromosome joK-jofD region During the sequencing of the YAC 15-6B clone of the B. stlbtilis 168 collection described previously (Azevedo e t al., 1993a) we detected an ORF, designatedjop, encoding a protein with a high level of homology to the S1 ribosomal proteins of E. coli and Rhixobitlm meliloti. The structure of the corresponding region of 15-6B is shown in Fig. 1 and the alignment with S1 proteins in Fig. 2 I ->AAG9 
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CSlC _ _ _ _ _ _ _ - analyse transcription in the regibn CncodingjofC. During exponential growth only the 2.6 kb mRNA species described above was detected on both LB and minimal glucose medium (data not shown). This mRNA species is much less abundant than the 1.6 kb species described above. Analysis of RNA extracted from sporulating cells with the same probe allowed detection of a band with a size of 1.4f0-2 kb (Fig. 4b) , indicating that jofC is expressing during sporulation. The bands of 1.6 and 2-8 kb seen on this gel apparently correspond to 16s and 23s rRNA, respectively. They did not disappear even when the most stringent washing was used. on agarose gel and ligated to Jan-cleaved Bluescript I1 SK + . Highly competent E. coli TG1 cells (giving -lo6 transformants pg-' with intact Bluescript plasmid) were transformed by the ligation mixture, selecting for ampicillin resistance. Only three insert-carrying plasmids were obtained, as judged by the blue/white test on plates containing IPTG and X-Gal. Two of the plasmids, prepared from large colonies, carried an inactive j o j D gene, having undergone a deletion (not shown). The third plasmid, prepared from a small colony and designated pSS1, carried the expected insert, but had a greatly reduced copy number (-3). ThejofD gene was inserted in the opposite orientation to that of the lac promoter present on Bluescript, as deduced by sequence analysis.
T w o deletion derivatives of pSSl were also constructed by digestion of pSSl by EcoRV or Hind111 and transformation of TG1 after ligation. These EcoRV and Hind111 deletion derivatives have a high copy number in TG1 cells which proves that the low copy number of pSSl is caused by the presence of thejofD-containing fragment rather than by a mutation in the Bluescript moiety (Fig.  5a ). pAAG9 resulted in the appearance of unstable small chloramphenicol-resistant colonies of cells which may be merodiploid. This suggests thatjofC is an essential gene.
The jofD gene is deleterious for E. coli
A DNA segment carrying the entire j o f D gene was synthesized by PCR, using the B. sztbtilis chromosome as template and the primers designated CSlN and CSlC (Fig. 1) types, large and small. The former carried plasmids with a deletion within thejofD gene or a point mutation within the putative jofD promoter, as revealed by sequencing.
A. S O R O K I N a n d O T H E R S
The latter carried pSSl (Fig. 5b) . Taken together, these results suggest thatjofD is toxic for E. coli. Transformation of plasmid pSSl into strain E. coli MB3001 which carries a ts mutation in the rpsA gene did not show temperature-independent growth which suggests that the B. szlbtilisjofD gene cannot complement an rpsA deficiency.
jofD homologues in other Gram-positive bacteria
The PCR-synthesized insert of the M13 phage AAHC (Fig. 1 ) was used as a probe in Southern hybridization with chromosomal DNA from different Gram-positive bacteria and E. coli TG1 (Fig. 6) . The insert corresponds to the putative C-terminal part of the ribosome-binding domain and to the first two S1 motifs, thus representing the most conservative part of the S1 proteins. Positive signals were detected in all species, including E. coli. The intensity of the hybridization signal obtained with different Gram-positive bacteria roughly corresponds to the phylogenetic distance, determined on the basis of the 16s rRNA structure (Fox e t al., 1980) . The only exception is the high intensity of the L. lactis DNA signal, which is stronger than that of several Bacillus species. Presently, we have no explanation for such a high degree of homology between the B. subtilis and L. lactis genes. Another interesting feature is the presence of two intense and two weaker specific bands in the pattern of B. stearothermophilzls (Fig. 6 ). This may suggest that B. stearothermopbilzls has at least two diverged homologues. Previous attempts to detect homology between the E. coli rpsA gene and the B. szlbtilis chromosome, using an E. coli fragment as a probe,
were not successful (Schnier & Faist, 1985) .
DISCUSSION
The S1 ribosomal protein is an indispensable part of the translational machinery of E. coli and other Gramnegative bacteria (Kolb e t al., 1977) . Surprisingly, the protein has not been found so far in the ribosomes of most Gram-positive species, like bacilli (Hahn & Stiegler, 1986; Higo e t al., 1973 Higo e t al., , 1982 Isono & Isono, 1975; Muralikrishna & Saryanarayana, 1985 ; Schnier & Faist, 1985) . O n the basis of the data on translational efficiency of the E. coli ribosomes containing or lacking S1, it was postulated that the S1 protein and strong SD sequences can substitute each other in translation initiation (Roberts & Rabinowitz, 1989 ; Vellanoweth & Rabinowitz, 1992 al., 1984) . The function of mssA is not known, but it is supposed to possess pleiotropic regulatory activity (Yamanaka e t al., 1992 (Yamanaka e t al., ,1994 . We show that in B. szlbtilis the ORF preceding the rpsA homologue encodes a protein highly similar to the mssA gene product. Contrary to the E. coli case, these genes are separated in B. szlbtilis by a transcription terminator and the mssA homologue is transcribed during sporulation. We suppose that during the evolution of these two genes, the very similar structures and genetic organization were conserved but different functions in Gram-negative and Gram-positive bacteria were acquired.
It is interesting to comment on the attempts to detect the S1 protein counterpart in the ribosomes of Bacillus sp. When such experiments were carried out it was anticipated that the protein must be similar in size to that of E. cob, which is the biggest ribosomal protein (Isono & Isono, 1976 ; Higo e t a/., 1982) . A direct method was applied, based on the property of this protein to bind poly(U) and a protein with a molecular mass of about 40 kDa was isolated in this way (Muralikrishna & Suryanarayana, 1985) . We suggest that the isolated protein maybe the product of thejofl) gene. The absence of a response to the antibodies raised against the E. coli S1 protein (Hahn & Stiegler, 1986 ) might be due to the great difference in the C-terminal region of the two proteins.
Surprisingly, antibodies against E. coli S1 allowed detection of the counterpart, called CS1 , in spinach (S'inacia oleracea) chloroplast ribosomes (Dorne et al., 1984) .
Recently, the chloroplast counterpart cDNA and the chromosomal gene were cloned and the protein ribosomeand RNA-binding properties characterized in more detail (Franzetti e t al., 1992a,b (Franzetti e t al., 1992a,b) is intriguing in this respect. The phylogenetic tree shown in Fig. 7 has the minimal number Values were calculated by the neighbour-joining method (Saitou & Nei, 1987 of exact restructuring events. It suggests that plant chloroplasts are closer to AT-rich Gram-positive bacteria than to Gram-negative and GC-rich Gram-positive bacteria, which is compatible with the most recent phylogenetic tree based on the structure of ribosomal RNA (Olsen e t al., 1994) . Since the bacteria from the branch including Micrococczls lzltezls are apparently closer to bacilli than to the Gram-negatives (Fox et al., 1980) , the fact that they possess E. coli-type S1 supports the deletion hypothesis. The same tree is revealed by calculations using the neighbour-joining method (Saitou & Nei, 1987) when applied to the whole length of the S1 proteins (data not shown). It should be mentioned that if the tree represented in Fig. 7 is correct, the chloroplast deviation from the Gram-positive branch happened very early after the divergence of Gram-positive and Gram-negative bacteria.
We calculated the phylogenetic distance between different S1 motifs in different proteins which possess them by the neighbour-joining method (Table 1 ). The motifs known to be essential for interaction with RNA are RPS1-I and RPSl-I1 of the E. coli S1 protein, that of PNP, the E. coli polynucleotide phosphorylase, and that of PRP22, the Saccbaromyces cerevisiae RN A helicase-like protein (Giorginis & Subramanian, 1980; Regnier et al., 1987; Company et al., 1991) . The one known as not essential for this interaction is the C-terminal RPSl-IV motif of the E. coli S1 protein (Giorginis & Subramanian, 1980) . Presumably, the corresponding motifs of the R. meliloti and E. coli S1 proteins can be considered as functionally similar. It appears from the calculations that the value of the parameter (figures in Table 1 ) reflecting the evolutionary distance between S1 motifs varies between 0.4 and 0.65 for those known to be essential for the interaction with RNA and between 0.65 and 0.8 for those known not to be essential. It thus appears that the constraints on the value of this parameter are imposed by the RNA-binding function. Looking at the values for the motifs with an experimentally uncharacterized RNA-binding function, we can postulate that both S1 motifs of the B. sflbtilis JofD protein, the C-terminal one of the chloroplast CS1 protein and the one of the recently discovered protein encoded near the divIC gene of B. szlbtilis (Levin & Losick, 1994) should possess RNA-binding activity. In contrast the Nterminal S1 motif of CS1 should not be essential for this function. N o definitive conclusion can be made for the third S1 motif of the E. coli and R. meliloti S1 proteins.
The correctness of these predictions remains to be tested experimentally.
The fact that Gram-positive bacteria possess an S1 protein, which is structurally distinct from that of the Gram-negatives, may help in clarifying the question of the evolution of the translation machinery of prokaryotes ; the acquisition by some of them of the ' fastidious ' mode of translation initiation.
